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tal maneuvers increase the rate of delivery of sodium to the distal tubule. Since the potassium loss that characterizes these diuretic states has been shown to involve increases in the rate of potassium secretion by the distal tubule, it has generally been held that increasing the rate at which sodium and fluid are delivered to the distal tubule in some way causes distal potassium secretion to increase (1, 8, 10, 11, 14) .
Since sodium delivery is the product of sodium concentration and flow rate, increases in either of these variables would cause sodium delivery to increase. One impediment to understanding the nature of the causal relation between sodium delivery to the distal tubule and potassium secretion by this segment has been that flow rate and sodium concentration are observed to change in parallel.
Therefore, in studies employing volume expansion (17, 18, 20, 21, 26, 36) , furosemide administration (7), contralateral nephrectomy (5), and continuous microperfusion through the loop of Henle (29) to increase distal tubule potassium secretion, both early distal flow rate and early distal sodium concentration were increased as well. Since the effects of changes in sodium concentration and flow rate have not been studied separately, it has not been possible to decide whether both of the variables must be increased to elicit increases in potassium secretion or whether one of the variables is more effective as a stimulus to potassium secretion.
The present experiments were performed in an effort to examine separately the effects of increasing sodium concentration and fluid flow rate on the rate of distal potassium secretion. Our aims were to determine whether, independent of each other, both factors affect potassium secretion, and to define the relative effectiveness of the variables as regulators of potassium secretion. In vivo microperfusion methods were used so that early distal flow rate could be varied while keeping sodium concentration constant, and so that early distal sodium concentration could be varied while keeping flow rate constant. This approach allotied these luminal factors to be varied without altering systemic factors such as plasma potassium concentration, mineralocorticoid hormone levels, and acid-base balance.
METHODS
Male Sprague-Dawley rats (Charles River Breeding Laboratories)
weighing 200-330 g were allowed free access to laboratory chow (either Purina or Charles River) and water up to the time of experiments. Anesthesia was induced by intraperitoneal injection of Inactin (Promo&a, Hamburg), 100-110 mg/kg body wt. The rats were then placed on a heated table and surgically prepared for micropuncture. A tracheostomy was performed and polyethylene catheters were placed in an external jugular vein and in a carotid artery. A syringe pump (Sage 355, Orion) was used to infuse rats intravenously with either 150 mM NaCl at 0.17 ml/min per kg body wt (method I) or 140 mM 'NaCl with 4 mM KC1 at 0.1 ml/min per kg (method II). Arterial blood pressure was monitored continuously using a strain-gauge transducer (Statham) and recorder (Could). The left kidney was exposed through a flank incision and was immobilized in. a Lucite cup. Mineral oil warmed to 37OC continuously bathed the kidney. A polyethylene catheter was placed in the left ureter and urine was collected under oil into preweighed tubes. The following minimum criteria were met in all completed experiments: I) arterial pressure exceeded 100 mmHg at all times, and 2) transit times of intravenously injected dye at the conclusion of the experiments were less than 14 s to the end of the proximal tubule and less than 40 s to the beginning of the distal tubule. Superficialdistal tubules were perfused in vivo by means of two different methods. In method Z artificial solutions were perfused into late proximal tubules and permitted to flow through the loop of Henle into the distal tubule. In method II solutions were perfused directly into a surface segment at the beginning of the distal tubule.
Method I Distal tubules of 16 rats were studied with this approach, which was similar to techniques for perfusion of the loop of Henle (2, 28) and distal tubule (29) described previously. Nephrons possessing at least one surface distal segment were identified by injecting dyed NaCl solution into proximal tubules. A' perfusion pipette, attached to a servo-regulated microperfusion pump (W. Klotz, Munich) , was inserted into the last surface proximal segment of the nephron. A second pipette was used to fill earlier proximal convolutions of this tubule with castor oil up to the perfusion site, leaving a hole proximal to the oil column to allow filtrate to escape. A third pipette, filled with heavy mineral oil, was then inserted into the surface distal segment and all perfusate arriving at the distal site was collected for a timed interval. After the collection was completed, liquid latex was injected into the tubule. After the experiment was completed, the kidney was macerated in 6 M HCl and the latex casts were teased away from unfilled tubules. The length of the distal tubule, from the macula densa region to the point of confluence with another distal tubule, was measured and the position of the collection site determined.
Collections obtained within the first 35% of distal length were designated as "early" and those obtained from beyond 65% were designated as "late". All collections from sites between 35 and 65% length were discarded.
Two perfusion solutions were used: 1) mannitol solution containing 300 mM mannitol and 4 mM KCl, and 2) NaCl solution containing 150 mM NaCl and 4 mM KCl. Both solutions additionally contained Hercules green no. 2 dye (H. Kohnstamm, NY) at a concentration of 1 mg/ml and approximately 0.02 mCi/ml [14C]inulin (New England Nuclear). The mannitol solution was perfused at 20 nl/min and the NaCl solution was delivered at either 9 or 31 nl/min. The exact perfusion rate into each tubule was calculated from the measured rate of fluid collection and the change in inulin concentration. These solutions and perfusion rates were chosen after preliminary experiments indicated that they would result in the delivery of fluid to the early distal tubule with either a normal or elevated sodium concentration at either a normal or elevated flow rate. The calculated perfusion rates corresponded closely with the calibrated pump rate determined by pumping solutions of known radioactivity directly into glass counting vials. These in vitro determinations yielded the following results: at a pump setting of 9 nl/min delivery rate was 9.8 t 0.12 nl/min (SE) (n = 5); at a pump setting of 20 nl/min delivery rate was 20.7 t 0.52 (n = 4); at a pump setting of 31 nl/min delivery rate was 32.1 t 0.51 (n = 4). The perfusion rates and early distal delivery rates actually achieved are presented in RESULTS (Table  2 ). In most' rats collections were obtained from both early and late distal tubules during each of the three types of perfusion.
Method II Distal tubules of 44 rats were perfused directly. Nephrons possessing at least two surface distal segments were identified by injecting a dyed NaCl solution into proximal segments. A perfusion pipette was inserted into the first of the distal segments. A second pipette was inserted into the last surface proximal segment and used to inject a long column of castor oil into the proximal straight tubule. When this pipette was withdrawn, a hole left in the proximal segment permitted glomerular filtrate to escape. A third pipette, filled with heavy mineral oil, was then inserted into the second distal segment and all perfusate arriving at the late distal site was collected for a timed interval. Collections were made only if the second distal segment was long enough so that at least 100 um of the oil block distal to the collection pipette was visible. The collections were started by gentle aspiration and usually proceeded spontaneously.
The collections were discarded if any of the distal oil block was washed away or if there was any visible indication of leakage at either the perfusion or collection site. Each tubule was then filled with latex for subsequent microdissection and determination of distal lengths and the position of puncture sites.
Four perfusion solutions were used: 1) 46 Na solution was designed to be similar to the tubule fluid that normally arrives at the early distal tubule and contained (in mM) 46 Na, 2 K, 35 Cl, and 105 urea; 2) 94 Na solution contained (in mM) 94 Na, 2 K, 85 Cl, and 10 urea; 3) 15 Na solution contained (in mM) 15 Na, 2 K, 4 Cl, and 165 urea; and 4) 34 K solution contained (in mM) 34 To our knowledge, this is the first time .atomic absorption analysis has been used for this purpose. We will, therefore, briefly describe the procedure. Approximately 0.2 nl of sample is deposited in an open-ended graphite tube through which a beam of monochromatic light is directed. The graphite chamber is then heated to approximately 3,OOO"C, which is sufficient to vaporize the sample and then to form a cloud of neutral atoms. These atoms absorb a fraction of the incident light. Since the optical path length and the volume of each sample is constant, absorbance is proportional to the concentration of the element under study. The absorbance signal is transient and is quantified either by measuring the peak height, the maximum absorbance attained during atomization, or the peak area, the total signal integrated over the period of atomization.
Sodium concentrations are accurately determined at indicate relative error and relative standard deviation of atomic absorption (AA) measurements (96). Numbers in parentheses indicate number of trials. Flame emission (FE) measurement were made aRer dilution of lo-p1 volumes; standards were purchased from Instrumentation Laboratory. Flameless AA measurements were made with volumes of approximately 0.2 nl; standards were prepared from NaCl and KCl. 94 Na and 34 K are perfusion solutions used in method II experiments. Peak area mode was used for all Na measurements and for measurementi of KC1 and 34 K; peak height mode was used for other K measurements. 589 nm wavelength using the peak area mode. Checks were made in preliminary experiments for a number of possible interferences.
Solutions with known Na concentrations were used to examine the effect of complete substitution of PO, or HCO, for Cl. Substitution with PO, (50 mM) had no effect. Results in Table 1 show that 26 mM HCO, may enhance Na absorbance. However, the concentration of HCO, in our fluid samples should have been far less than this. Addition of KC1 up to 50 mM, inulin up to 6.5 g/liter, mannitol up to 300 mM, urea up to 165 mM, and dye concentrations up to 2 gl liter did not affect Na absorbance. Standard solutions made with NaCl and KCl, therefore, were used to construct a calibration line for each of our experiments. It is possible that higher concentrations of these substances might affect Na absorbance to a greater extent. We limited our evaluation to concentrations relevant to our experiments.
The accuracy and precision of atomic absorption analysis of 0.2.nl samples is shown in Table  1 by the close measurements agreement between the peak and the Na concentrations in area AA the bulk solutions determined by flame emission (FE) analysis. Na concentrations were also determined by weight when the solutions were prepared; these concentrations agreed with the flame emission values. Relative error (AA vs. FE) for Na measured in the four solutions was 2.2%. Relative standard deviation for repeat measurements of the same sample was 3.6% of the mean for the four solutions. Since these determinations were made throughout the period of the study this relative stan-
dard deviation reflects the precision to be expected over time and not merely the reproducibility for a series measured at one sitting. Peak height measurements of Na absorbance were a&&d by the anion species present (PO, and HCO, enhancing absorbance relative to Cl) Potassium can be determined at 766.5.nm wavelength using either the peak height or peak area modes. Possible interferences by other constitutents in the fluid samples, in concentrations relevant to our experiments, were evaluated. Neither complete substitution of PO, (10 mM) or HCO, (8 mM) for Cl nor addition of urea, inulin, mannitol, or dye af&cted K absorbance. Addition of 100 mM NaCl to a pure KC1 solution reduced K absorbance by approximately 10%. The explanation of this type of chemical interference is uncertain, but the problem is easily eliminated by including Na in the K standard solutions at concentrations approximating the Na concentrations in the tubule fluid samples. Data for K measurements are shown in Table 1 . Relative error was 1.7% and relative standard deviation was 5.5% for the five solutions. For solutions used in the present studies, peak height and peak area were found equally valid for determination of K. Chloride concentrations in nanoliter volumes of perfused and collected fluids were determined by electrometric titration (35) . Osmolarity of collected fluid was measured cryoscopically with a nanoliter osmometer (Clifton Technical Physics).
Calculations
The rate of perfusion in each tubule, V,, was calculatedasv, = V (In&r,,), where V is the rate of tubule fluid collection, nllmin, and In is the radioactivity of tubule fluid or perfusion fluid. The rates at which Na, K, and Cl were delivered to either perfusion or collection sites were calculated as the products of ion concentrations and flow rate. For example the rate at which potassium was delivered to the early distal tubule, I&, in method I experiments is K,, = VED [KIED, where ml is the potassium concentration in early distal flui? and V,, is the collection rate. Absolute rates of absorption or secretion of ions and fluid were calculated for each rat. In method I these rates were the differences between delivery rates to early and late collection sites in different tubules in the same rat. For example, absolute reabsorption of sodium, ARN,, was calculated as AR,, = Ra,, -NaLD. In method II these rates were the differences between perfusion rate into the early segment and collection rate from the late segment of the same nephron.' Mean transport rates for individual perfusion solution and rate combinations were calculated from the results of one to three measmments in each rat. These mean values were averaged to obtain the group means presented in the tables along with the standard error of the mean (n = number of rats). In both methods the effects of changing the flow rate or the composition of early distal fluid were assessed by making paired comparisons of absolute transport rates for different solutions or different perfusion rates in the same rat. The Student t test was used to test for significance of differences between means. Analysis of variance was used when appropriate to test for differences among several means. A P value of less than 0.05 was regarded as indicating significance.
RESULTS

Method I
Data from method I perfusions are shown in Table 2 . The calculated perfusion rates (9, 20, and 31 nl/min) were similar for collections from either early distal or late distal puncture sites. Both the flow rate and composition of perfused fluid were altered by passage through the loop. The Na solution per&&i at 9 nl/min (NaCl-9) gave an early distal flow rate of 4 nl/min and an early distal sodium concentraion of 55 mM. Delivering the mannitol solution at 20 nl/min (mannitol-20) resulted in a higher early distal flow rate of 27 nl/min but did not increase the early distal Na concentration. When the Na solution was perfused at 31 nl/min (NaCL 31) early distal sodium concentration increased to 97 mM and the distal flow rate was 25 nl/min.
With the NaCl-9 solution Na concentration was not different at early and late distal collection sites. With the mannitol-20
and NaCl-31 solutions, sodium concentration fell along the distal tubule. Potassium concentration rose along the distal tubule with all three types of perfusion. The rise was greater with the NaCl-9 solution than with the mannitol-20 (P < 0.01) and the NaCl-31 (P < 0.01) solutions.
Rates of potassium secretion by distal tubules perfused with NaCl-9 and mannitol-20 are compared in Fig. lA , which shows data for individual rats, and in Table 3 , which gives mean values. Increasing distal flow rate from 4 to 27 nl/min without increasing early distal Na concentration was associated with an increase in the absolute rate of K secretion from 21 to 73 pmoll absence of net fluid absorption observed with mannitol (Table 3) may be attributed to the higher total solute concentration of these solutions (Table 2) . Since the osmolality of these solutions was 280-300 mosmol/kg, there was little or no osmotic driving force to move water from lumen to blood. Values for distal water absorption observed with the Na solutions perfused at the low and high rates were not different. With the NaCl-9 and NaCl-31 solutions tubule fluid was hypotonic to plasma and water reabsorption by the distal tubule caused osmolality to increase along the length of the perfused segment. Nominal perfusion rates indicated in first column were 9, 20, and 31 nl/min. Number of rats and tubules same as for Table 2. min. In Fig. 1B distal K secretion during perfusion with the mannitol-20
and NaCl-31 solutions are compared. Increasing distal sodium concentration without increasing the flow rate of tubule fluid did not alter the rate at which the distal tubule secreted potassium. Mean values were 73 and 76 pmol/min, respectively. As shown in Table 3 the absolute rate of sodium absorption was highest when early distal Na concentration was highest, namely when Na concentration was elevated to 97 mM in the high-rate Na perfusion (Table 2) . Na absorption was significantly higher with the NaCl-31 solution than with the NaCl-9 and mannitol-20 solutions, which yielded sodium concentrations about half as great. Comparison of the results with the NaCl-9 and mannitol-20 solutions shows that Na absorption from the mannitol-20 solution was greater than the rate observed for the low-rate Na perfusion.
Water was absorbed from the Na perfusion solutions but not from the mannitol-containing solution. This
The location of the puncture sites, expressed as percent of total length of the distal tubule, was 26 t 4.4% (SD) (range, 18-35) for early distal collections and 78 t 6.2% (SD) (range, 65-90) for late distal collections. The sites of collection were not different among the three perfusion groups (P > 0.1, analysis of variance). The total length of the distal tubules studied was 2.2 t 0.31 mm (SD). Collection times ranged from 2.5 to 7 min for the NaCl-9 perfusions and from 1.5 to 4 min for the mannitol-20 and NaCl-31 perfusions.
The results of method I experiments show that increases in distal potassium secretion were associated with increased flow rate, increased luminal sodium concentration, increased sodium delivery, and increased sodium absorption. However, since potassium secretion did not increase (despite increases in sodium concentration and sodium absorption) unless luminal flow rate was increased, it appears that the rate of flow of fluid through the distal tubule was the dominant influence. Nevertheless, since the effect of increasing sodium concentration was evaluated under circumstances in which the flow rate was relatively high, a small stimulatory effect of increased luminal Na concentration might have escaped notice. An additional measure of uncertainty is present because the experimental procedure does not permit control of several possibly relevant variables. As noted above, the rate of water absorption was not the same in all three groups. Also, there were unavoidable differences in the composition of fluid de- livered to the distal tubule including osmolality, potassium concentration, and probably pH. In order to gain better control of these variables and to obtain greater precision in the rate of fluid delivery to the distal tubule, we modified the perfusion procedure and performed the method II experiments.
Method I..
In a first series of experiments, distal tubules were perfused directly with both 46 Na and 94 Na solutions. Data for collections from these tubules are shown in Table 4 . The calculated perfusion rates (6 and 26 nl/ min) were similar in tubules perfused with either the 46 or 94 Na solutions. The rate of fluid collection was less than the rate of perfusion in every tubule. Mean late distal flow rates were significantly less than rates of perfusion in each of the four groups. Except for a 3-mM increase in Cl in one case, concentrations of Na and Cl did not change significantly between early and late distal sites. K concentration rose along the perfused length. At 6 nl/min K concentration rose from 2 to 12 mM. At 26 nl/min late distal K concentration rose only to 5 mM. The mean perfused length in these experiments was 1.3 t 0.22 mm (SD) and was not different among the four groups (P > 0.1, analysis of variance). The mean distance of the late distal collection site from the distal end of the distal tubule (confluence with another distal tubule) was 0.5 t 0.22 mm (SD) and was not different among the four groups (P > 0.1). The mean total length of the tubules was 2.3 t 0.32 mm (SD). On average, therefore, the collection site was at 78 t 7.4% (SD) of total distal length. Since the absolute rate of K secretion by individual tubules did not correlate with perfused length and since perfused length was not different among the four groups, we have not factored the data for net transport rates by length of the perfused segments. Collection times ranged from 3 to 7 min at the low rate and from 2 to 6 min at the high rate.
The effect of increasing flow rate on K secretion by the distal tubule is shown in Fig. 2 (individual data) and Table 5 (mean values). Data in Fig. 2A show that when early distal Na concentration was maintained constant at 46 mM, increasing distal flow rate from 6 to 26 nl/min significantly increased the absolute rate of distal K secretion from 37 to 66 pmol/min. K secretion increased with increases in flow in 10 of 12 rats. Data in Fig. 2B show the effect of the same increase in flow rate when distal Na concentration was held constant at 94 mM. Increasing flow rate from 6 to 26 nl/min significantly increased the absolute rate of K secretion from 38 to 61 pmol/min.
The increase in K secretion was seen in 10 of 13 rats. Data from five additional tubules are included in the means in Table 5 but could not be included in Fig. 2 since they were not paired with results from other tubules in the same rat.
Data for Na and Cl transport in Table 5 indicate that increasing perfusion rate without altering luminal concentrations did not alter significantly the rate of Na or Cl absorption .2 Absolute rates of Cl absorption were approximately 35% less than the rates of Na absorption. Cl concentrations in perfusion fluid were roughly 10 mM less than the concentrations of Na. Absolute rates of fluid absorption were not significantly different at the low and high flow rates. and was never observed with the 94 Na solution. Data for these tubules are presented separately in Table 6 and will be discussed subsequently. The effect of increasing luminal sodium concentration on K secretion by the distal tubule is shown by individual data in Fig. 3 and by mean values in Table 5 . Data in Fig. 3A show that increasing distal Na concentration from 46 to 94 mM while maintaining flow constant at 6 nl/min did not increase the rate of distal K secretion. Fig. 3B show the effect of increasing early distal Na concentration from 46 to 94 mM when flow rate was maintained constant at 26 nl/min. Again, the increase in Na concentration did not change the rate of distal K secretion.
Data in
Data for Na and Cl transport in Table 5 show that increases in Na and Cl concentration in the perfusion solution, with flow rate maintained constant at either 6 or 26 nl/min, were associated with increased rates of Na and Cl absorption. Increasing early distal Na concentration from 46 to 94 mM aproximately doubled the rate at which Na was absorbed. Similarly, increases in early distal Cl concentration from 35 to 84 mM were associated with a doubling of the rate of Cl absorption. In contrast, increasing early distal Na and Cl concentrations while maintaining early distal osmolality constant did not alter the rate of net water absorption at either rate of perfusion.
In order to be certain that the high rate of potassium secretion measured during increased rates of flow was not a transient increase due to washout of K from cells during the 2-to 'I-min collection period, seven tubules in five additional rats were perfused at 26 nlimin for lo-12 min before the collections lasting an additional 2-4 min were made. Only the 94 Na solution was used.
Absolute rate of potassium secretion for these tubules was 76.8 t 27.8 pmol/min; mean late distal K concentration was 6.0 t 1.4 mM.
As noted above, net entry of Na and Cl occurred in approximately one-fourth of distal tubules perfused with the 46 Na solution. Data for these tubules are given in Table 6 . We have given these data separately since it seemed pointless to average values for net absorption of Na and Cl by some tubules with values for net secretion by others. During the course of this series of experiments we were uncertain as to the meaning of this observation; we considered three possible explanations. First, it is possible that 46 mM Na and 35 mM Cl are below the minimum concentration that some, but not all, normally functioning distal tubules are able to maintain. Second, it is also possible that these particular tubules were damaged in some way not evident at the time of the experiment. Third, it might be that the results are artifactual due to some technical problem of collection or measurement.
If the second or third explanations were correct, we might expect to have seen net entry of Na and Cl with the 94 Na solution. Since NaCl entry was never observed with the high Na concentration, we believe that an error in measurement is not the explanation, and that if damage did occur to some tubules it was not severe enough to raise the minimum Na concentration to 94 n&I. While we cannot entirely exclude the possibility that some degree of damage may have contributed to these results, we believe that it is not necessary to invoke damage to explain our observation that sodium entered some tubules. In fact, these results demonstrate, for the first time to our knowledge, a phenomenon that could be predicted from previous results. The range of early distal sodium concentrations observed in previous studies (5, 7, 18, 21, 26, 29, 33, 36, 39 ) is similar to our results in the method I (A) experiments in which the range extends from 36 to 73 n&I. Average early distal sodium concentrations in previous studies have been as low as 35 mM (21) and as high as 65 mM (18). In any series of measurements in perfused tubules, if a single Na concentration within this range of averages is imposed on all individual tubules, some tubules will be able to maintain the average early distal concentration and some will not. Accordingly, the three early distal samples in Fig. 1 Values are means + SE. Numbers in first column indicate nominal sodium concentrations, in mM, and perfusion rates, in nl/ min. Number of rats/tubules for D' = 5/5, for E' = 5/6 (except Cl = 3/4). ED and LD same as in Table 4 . 
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that would have shown Na entry if@ they had been perfused with a solution having a sodium concentration less than 50 mM. This observation does not mean that sodium secretion occurs normally in free-flow conditions, but rather that sodium entry can be expected in approximately half of a series of perfused tubules when every tubule is perfused with a solution having a concentration equal to the average minimum luminal concentration of the group. Examination of measurements obtained by dissection of latex casts of tubules with Na entry showed no differences from Na-absorbing tubules, indicating that Na entry did not result from differences in the sites of perfusion or collection. Net secretion of K was observed in each of these tubules and averaging of these results with the data presented in Tables 4 and 5 does not alter any of the conclusions concerning effects of flow rate and sodium concentration on potassium secretion. The late distal K concentration tended to be lower in the tubules with Na entry. However, the number of tubules at each of the perfusion rates was too small to establish this statistically.
Bather than attempt to collect more results of this type, we chose to examine more directly the effect of reversing the usual direction of net NaCl transport by performing a second series of experiments in which we perfused distal tubules with a solution containing 15 mM Na and 4 mM Cl in the expectation that Na and Cl entry would occur more frequently. Data for collections from tubules perfused in this second series are shown in Table 7 . The calculated perfusion rates (6 and 26 nl/min) were the same as for tubules perfused with the 46 and 94 Na solutions (Table   4) . Concentrations of Na, K, and Cl increased along the length of the* perfused segment.
Mean perfused length in these tubules was 1.2 t 0.22 mm (SD) and was not different at the two perfusion rates. Mean distance of the collection sites from the confluence with another distal tubule was 0.4 t 0.18 mm (SD) and was not different at the two rates. The perfused lengths in this series were not different from the lengths in the first series Cp > 0.1). Mean -total length of tubules in the 15 Na series was 2.1 t 0.39 mm (SD). Collection time ranges were A8 min at the low rate and 3-5 min at high rate.
The effect of increasing flow on net transport rates is shown in Fig. 4 and Table 8 . Net entry of Na and Cl occurred in every tubule studied. Fig. 4A shows that net entry of Na was increased from 81 to 165 pmol/min Table 7. when flow was increased. Increasing flow rate also caused chloride entry to increase (Table 8) . Absolute rate of Hz0 absorption was not significantly different at low and high rates. Figure 4B shows that net potassium secretion was increased from 32 to 54 pmol/min when perfusion rate was increased from 6 to 26 nl/min. The extent to which Na concentration rose along the perfused length was less at the higher perfusion rate (P < 0.001). The rates of K secretion observed in this series of experiments are not different from the rates seen in tubules perfused with the 46 Na and 94 Na solutions (P > 0.4).
Because the direction of net Na and Cl transport was affected by the concentration of Na and Cl presented to the early distal tubule, we thought it would be of 'interest to determine whether the direction of K transport could also be changed by changing early distal K concentration. Therefore, we performed a third series of experiments in which tubules were perfused with a solution containing 34 mM K, 43 mM Na, and 68 mM Cl. As we had found with the 46 Na solution, we again observed a reversal of the direction of net Na transport in some tubules. Net Na entry occurred in approximately half of the tubules perfused in this series. Net absorption of potassium was observed in each tubule studied. Data for K handling by all of the tubules are presented in Table 9 and Fig. 5 . The calculated perfusion rates were the same as for tubules perfused with the 15 Na, 46 Na, and 94 Na solutions. At 6 nl/min potassium concentration fell significantly along the length of the perfused segment. K concentration did not fall along the tubule at 26 nl/min. Increasing perfusion rate caused an increase in the rate of K absorption of borderline significance (Fig. 5) . Mean perfused length for 34 K tubules was 1.2 t 0.35 mm (SD) and mean distance of collection sites from the distal confluence was 0.5 t 0.14 mm (SD). Neither of these lengths was different at the two perfusion rates. Perfused length in these tubules was not different from the lengths in the first and second series. Collection time ranges were 4-7 min at 6 nllmin and 3-4 min at 26 nllmin.
Mean plasma electrolytes in method II animals were: Na, 144 t 5.1 mM (SD); K, 4.1 t 0.5 mM (SD); and Cl, 101 t 6.2 mM (SD). Mean urine flow rate was 3.3 t 1.6 pl/min (SD).
DISCUSSION
These experiments were designed to control separately the sodium concentration and flow rate of fluid delivered to the distal tubule because both variables have been considered (9, 10, 17, 27) potential regulatory factors that influence the rate of net potassium secretion. Factors other than luminal Na concentration and volume flow rate are thought to influence potassium secretion as well, for example, plasma K concentration (25, 26, 31, 39) , circulating mineralocorticoid levels (37) ) and systemic acid-base balance (24) . These factors were controlled in the present study since the experiments involved changes within single nephrons in normal, nondiuretic, anesthetized rats. We were able, therefore, D. W. GOOD AND F. S. WRIGHT to evaluate the relative importance of changes in either sodium concentration or volume delivery as stimuli of potassium secretion. The results of both the method I and method II experiments demonstrate that increases in the flow rate of solutions with constant sodium concentration are effective stimuli for potassium secretion, whereas ,increases in luminal sodium concentration do not increase potassium secretion if flow rate is not changed.
The range of distal flow rates (4-27 nl/min) and luminal Na concentrations (43-97 mM) were chosen in the initial experiments as representative of the low and high ends of the ranges that have been previously encountered in free-flow micropuncture experiments (5, 7, 17, 18, 20, 21, 26, 33, 36) . In anesthetized, nondiuretic rats early distal flow rates have been found to average 4-8 nl/min. Average sodium concentrations under these circumstances have ranged from 35 to 63 n&I. Following extracellular volume expansion, increases in early distal flow rate to 38 nl/min have been observed and are accompanied by increases in early distal Na concentration to values ranging on average from 60 to 100 mM.
The rates of potassium secretion that we observed (averages ranged from 21 to 75 pmol/min) are similar to the rates that were seen in previous micropuncture studies of the effects of volume expansion (17, 20, 36) , furosemide administration (7)) contralateral nephrectomy (5), and continuous microperfusion through the loop of Henle (29) . It appears likely, therefore, that when changes in the rate of potassium excretion are observed under conditions in which sodium delivery and volume delivery to the distal tubule are both increased, the more important of these two potential stimuli of potassium secretion is the increase in the rate of flow of tubule fluid from the loop of Henle into the distal tubule.
The effectiveness of increases in tubule fluid flow rate and the lack of effectiveness of increases in luminal sodium concentration as stimuli for potassium secretion were seen with two different types of in vivo microperfusion. Perfusion via the loop of Henle (method I) was technically less demanding.
However, the composition of the fluid entering the distal tubule could .be only partially controlled. Direct perfusion of the distal tubule (method II) enabled us to control more completely the tubule fluid composition but required that two pipettes be maintained in the same tubule. The correspondence between therefore the results of the two types 1 Provides assurance that vari . of experi .ments, .ations in tubule fluid composition (pH, osmolality, buffer ions) produced by passage through the loop of Henle were not critical determinants of the results of the method Z experiments, and that the results of the method II experiments are not importantly affected by a second puncture of the distal tubule.
The close correspondence between the results of method I and method II experiments regarding'potassium secretion did not obtain as completely in the case of sodium absorption.
In the method II experiments sodium absorption was increased when luminal sodium concentration was increased at either flow rate, but was not increased when flow was increased and sodium concentration was held constant (Table 5 ). The method I experiments were similar in that sodium absorption increased when sodium concentration was increased. However, sodium absorption was also increased, albeit to a lesser extent, when flow was increased and sodium concentration was not increased (Table 3) . That net sodium absorption should depend at least in part on the magnitude of the luminal sodium concentration is expected (18) . The reason that sodium absorption from solution B was greater than that from solution A, however, is not clear. Our measurements do not reveal a change in the driving forces for sodium absorption that can be invoked to explain the increase in sodium absorption associated with increased early distal flow rate. It should be noted in this regard that in previous free-flow studies (18, 21, 36) employing volume expansion increases in sodium absorption were associated not only with increases in flow but also with increases in luminal sodium concentration.
The lack of dependence of distal potassium secretion on variations in luminal sodium concentration seen in the present experiments should not be taken to mean that potassium secretion can proceed normally in the complete absence of luminal sodium. The results only establish that decreases in luminal sodium to approxi---mately 20 mM and increases to nearly 100 mM do not necessarily lead to changes in potassium secretion. It remains possible that sodium must be present in the lumen at some minimum concentration to permit potassium secretion to occur. However, variations of luminal sodium concentration and sodium delivery within the physiological range do not appear to regulate the rate of distal potassium secretion.
Similarly, the clear dependence of distal potassium secretion on the rate of fluid delivery to the distal tubule should not be interpreted as indicating that luminal flow rate is always the most important factor influencing the rate of distal potassium secretion. Several circumstances are known in which increases in urine flow are not associated with increased rates of potassium excretion. When diuresis is induced by water loading, urinary potassium excretion is not increased to the extent that it is when sodium excretion is also increased (30) . When saline diuresis is induced by extracellular volume expansion, potassium excretion is not increased if the animals have been previously deprived of dietary potassium (17). It appears that other regulatory factors, such as plasma and cell K concentration and circulating levels of aldosterone, can modify or overcome the stimulatory effects of increased flow rate. These or other factors also apparently affect the potassium secretory process in sheep, since the high rate of potassium excretion normally present is only minimally enhanced by induction of osmotic diuresis (34) . Nevertheless, in normal rats increased volume delivery to the distal tubule does increase potassium secretion and this stimulation does not depend on an associated increase in luminal sodium concentration.
Measurements of Na and K in tubule fluid were accomplished by an adaptation of flameless atomic absorption spectrometry. This approach has been used by other researchers to measure picomole amounts of calcium (23) . To our knowledge, however, this is the first study in which Na and K have been determined in subnanoliter volumes by atomic absorption. The results in Table 1 show satisfactory agreement with standard methods for larger scale measurements by flame emission spectrometry and also demonstrate that the method is sufficiently precise for the needs of this study. The detection limit for potassium, taken as twice the standard deviation of a series of measurements of a 10 mM K solution, is less than 1 mM for the volumes used in our experiments.
The observed effect of flow rate on distal potassium secretion could have meaning for the physiological regulation of potassium excretion only if the measured rates of potassium secretion represent steady-state transport. We considered the possibility that the increases in potassium secretion that were associated with increases in flow rate might have been due to a simple washout of potassium fGom distal cells. Such a washout could only have been transient, but it would have appeared to demonstrate an increased rate of transport from interstitial fluid to lumen. The flowdependent increase in potassium secretion that we observed was approximately 30 pmol/min (Table 5 ). An estimate of the steady-state amount of potassium in the cell of the distal tubule can be obtained by assuming Taking values that probably overestimate each of these four values (25 w, 10 pm, 1.3 mm, and 150 mM) the K content of the cells contributing K to the perfusion fluid could not exceed 210 pmol. Accordingly, if the increase in potassium secretion occurred only due to a washout of cell K, the cells would have been totally depleted of potassium within 7 min or less. A few tubules in the first series of experiments were perfused at the high rate for longer than 7 min. However, most were not. To be certain that a larger amount of potassium could be collected than could have been contained in the distal cells, seven additional tubules were perfused for approximately 15 min each. The flowdependent increase in potassium secretion by these tubules was approximately 40 pmol/min, which if due to washout would have totally depleted the cells of potassium in less than 6 min. If more realistic values (16, 40) are assumed for the lumen diameter (20 q), cell height (7 pm), length of the portion of the distal tubule that is capable of secreting potassium (1 mm), and effective concentration of K in cells (50 mM), the K content of the secreting cells would be only 30 pmol and would have been completely depleted in 1 minute or less. We conclude, therefore, that the observed rates of K secretion are steady-state values and must indicate a flowdependent increase in transepithelial K transport. The mechanism by which flow rate stimulates potassium secretion is not entirely evident from these experiments. It is possible, however, to rule out the participation of some elements that might be expected to contribute to transepithelial potassium transport. First, the results show that not only did distal tubule Na concentration and Na absorption not need to be increased for potassium secretion to increase, but also that increases in these variables did not stimulate potassium secretion when fluid flow rate was constant. Further, the enhancement of potassium secretion by increased perfusion rate occurred whether net sodium transport was in the absorptive direction ( Figs. 1 and 2) or was reversed by imposition of a low luminal Na concentration (Fig. 4) . Second, the flow-stimulated increases in potassium secretion did not appear to be due to changes in solvent drag effects. Since the late part of the distal tubule is normally a site of water reabsorption (13, 40), we designed the perfusion solutions to permit water absorption. If net potassium secretion were opposed by oppositely directed net water absorption, a reduction in the rate of water absorption might be expected to contribute to an increase in the rate of potassium secretion. In the method ZZ experiments perfusate osmolality was kept constant as Na and Cl concentrations were varied. The rate of water absorption was not decreased by increases in the rate of perfusion.
Third, flow-related changes in membrane voltages do not appear to be responsible for the accelerated potassium secretion. Preliminary experiments in our laboratory (12) have shown that increases in distal perfusion rate from 6 to 26 nl/min are not associated with increases in the magnitude of the lumen-negative trans- Finally, a flow-induced change that could be at least partly responsible for the enhancement of potassium secretion is evident in the results. As shown in Tables  2, 4 , and 7 the higher flow rates were associated with lower concentrations of potassium in the collected fluid. Since early distal K concentration was 2 mM in these experiments, the differences in late distal K concentration mean that the rise in luminal K concentration, due in part to water reabsorption and in part to potassium secretion, was affected by volume flow. At high flow rates, luminal K rose to a lesser extent. As shown in Fig. 6 , the effects of flow rate on luminal K concentration were seen in every rat and were similar at both the lower and higher luminal sodium concentrations. The consequence of the slower rate of increase of luminal K concentration when perfusion rate was high was that distal K secretion proceeded against a smaller transep ithelial concentration difference. Therefore, the lower luminal K concentration associated with the higher rate of flow should contribute to a greater electrochemical driving force for net K secretion. If a unidirectional flux of potassium from lumen to cell, or fern lumen to intercellular space, normally moderates the net rate of K secretion, then the reduction in luminal K concentration would be expected to increase net potassium secretion. Results of previous studies in which distal potassium secretion was increased because of increased rate of loop of Henle perfusion (29) , because of extracellular volume expansion (20, 36) , or in remnant kidneys (22) have shown similar decreases (3-6 mM) in luminal K concentration associated with increases in distal flow rate. Accordingly, although net potassium secretion does increase when flow rate increases, the change in the secretory rate is not exactly proportional to the increase in flow and the rise in luminal potassium concentration is limited.
It should also be noted, however, that if additional factors that stimulate potassium secretion are present -such as high potassium diet (17, 20) , acute infusion of potassium (33, 36) , or infGon of hypertonic mannitol (20, 26, 36) .late distal K concentration may not decrease when distal flow is increased. If reductions in luminal K concentration can increase potassium secretion as they appear to have done in these experiments, then it might be expected that increasing the concentration of potassium in the lumen might decrease the rate of potassium secretion. The experiments in the third series, with the 34 K perfusion fluid, show that this does 'happen. When the K concentration in fluid entering the distal tubule exceeded 30 mM, luminal K concentration fell because of net outward movement of potassium. As with the rising luminal K concentration seen in the first and second series, the extent to which the K concentration fell was flow dependent (Table 9) . Because the K concentration did not fall as much at the higher perfusion rate, the slightly higher rate of potassium absorption that was seen when tubules were perfused at 26 nl/min may have been due in part to a contribution of the higher luminal K concentration to the driving force for reabsorption.
In Fig. 7 , data obtained in method II experiments have been plotted to show the relation between luminal potassium concentration and net transport rates. Ideally, transport rates might be expected to depend on the average concentration of K along the perfused segment. Since we do not know exactly the profiles of change in K concentration with length in our experiments, we have plotted two estimates of the average luminal K concentration.
With the 2 mM K perfusion solutions the K concentration in collected fluid overestimates the true average concentration, and the arithmetic mean of K concentrations in perfused and collected fluid probably underestimates the true average. We have, therefore, defined a range of concentrations that includes the true average concentration against which potassium was secreted. Similarly, in experiments demonstrating potassium reabsorption the points in Fig. 7 define a range of luminal K concentrations that includes the true average mean during perfusion with the 34 mM K solution. Least-squares lines fit both sets of points reasonably well and both lines cross the zero net transport line at K concentrations between 13 and 15 mM. We can predict from this result that, on average, zero net potassium transport should be ob served in normal nondiuretic rats if luminal potassium concentration were maintained at approximately This estimate is only a first approximation --and does not yield information about the pathways of potassium transport across the distal epithelium. Nevertheless, if the magnitude of the blood-to-lumen flux is in this range, then the flow-dependent change in potassium secretion that we observed could have been caused by a change in backflux of potassium from lumen to blood. Therefore, the apparently linear relation between net potassium transport and luminal K concentration evident in Fig. 7 is consistent with the flow-dependent increase in potassium secretion being due to a fall in average luminal K concentration s&i-cient to reduce the lumen-to-blood flux from approximately 50 to 25 pmol/min. nism responsible for potassium uptake across the peritubular cell membrane.
Although
this simplified and preliminary analysis shows that a reduction in backflux could materially tiect net potassium secretion in the absence of a change in blood-to-lumen flux, it does not establish that this is the way in which increased flow rates elicit increased rates of potassium secretion. Information from measurements of membrane voltages is needed to define more completely the role played by variation in backflux in the regulation of net potassium secretion. Detailed information about concentrations of other solutes in distal fluid will be needed to evaluate the possibility that flow-dependent changes in anion concentrations might influence potassium secretion. Also, the present results do not exclude the possibility that changes in the blood-to-lumen flux of potassium contributed to the flow-dependent change in net potassium secretion. The observed decrease in luminal potassium concentration may have permitted cell potassium concentration to fall. Khuri et al. (17) have proposed that a decrease in cell K concentration due to washout following increases in distal flow could enhance the activity of the mechaPreviously, estimates of limiting concentration differences for K were obtained using isolated columns of fluid containing rafRnose to prevent water absorption (27) . The results of the present experiments provide measurements of the limiting concentrations that can be produced by secretion of K into physiological solutions continuously perfused at normal flow rates. The crossover concentration in Fig. 7 is quite close to values for luminal K found in free-flow micropuncture experiments (7, 17, 20, 25, 36, 39) and is similar to values for K found in stationary microperfusion experiments (27). Together with previous free-flow measurements, the present experiments indicate that net secretion of potassium by the distal tubule is nearly as complete as permitted by the backleak properties of the epithelium of this segment. Changes in the rate of potassium secretion caused by changes in distal flow rate may be due to changes in the rate of a backflux that detracts from net secretion.
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